Background: Drug-drug interactions (DDIs) are ubiquitous, harmful and a leading cause of morbidity and mortality. With an aging population, growth in polypharmacy, widespread use of supplements, and the rising opioid abuse epidemic, primary care physicians (PCPs) are increasingly challenged with identifying and preventing DDIs. We set out to evaluate current clinical practices related to identifying and treating DDIs and to determine if opportunities to increase prevention of DDIs and their adverse events could be identified.
Introduction
Drug-drug interactions (DDIs) are ubiquitous, costly and a leading cause of morbidity and mortality worldwide [1] . In the United States alone, DDIs contribute to 20% of all adverse drug events [2] , which cause nearly 770,000 deaths and result in $30 billion [3] to $180 billion in healthcare expenditures [4] and four hospitalizations per 1,000 people annually [5] .
An aging population, polypharmacy treatment, supplement use and drug abuse will only make this problem worse. Today the average patient over 65 is on four medications [6] and, by 2020, 18% of the US population will be over 65 [7] . Polypharmacy, defined as concomitant use of five or more medications, is associated with an 80% risk of experiencing a DDI [8] . Today, in the US, approximately 36% of adults can be categorized as polypharmacy patients [9] . The risk of potentially life-threatening drug interactions extends beyond just prescription medications as well. Dietary and herbal supplement use is both common and rapidly rising throughout the US [10] . Concurrent use of supplements with just one prescription medication is associated with a 1 in 25 risk of a DDI [11] . Certain foods and drinks may interact with medications as well and these drug-food interactions also go unrecognized.
High quality, safe care requires that DDIs be recognized and avoided. Existing tools to evaluate the risk of DDIs, which include physician inquiry, automated drug interaction checking software and pharmacy medication reconciliation reports, can help but so far have failed to increase physician awareness to the problem of DDIs [12] . There may be several reasons for this, all related to physician awareness and inadequate data. The patient medication records on which all tools rely are often incomplete or they may not include records from all providers of a patient. Additionally, patients may unintentionally or intentionally omit describing medications to their provider. In particular, the misuse of prescription medications has risen steadily over the past decade [13] , with opioids and central nervous system (CNS) depressants being among the most common classes of drugs misused [14] . Opioids, CNS depressants, and antibiotics are also among the most commonly prescribed medications in the US, only adding to the problem [15] . What is often missed is that these agents, particularly narcotics, have the potential to cause significant harm when they interact with other prescription drugs, non-prescription drugs and food supplements. DDIs are unique in that they are iatrogenic and almost entirely preventable. However, little is known about how well this issue is recognized, understood and treated, particularly among front-line primary care practitioners (PCPs). We set out to evaluate current care practices related to the identification and treatment of DDIs and to determine if we could identify opportunities to increase prevention of DDIs and their adverse events.
Materials and Methods
We conducted a prospective, cross-sectional study of DDI preventive care practices among PCPs practicing in the US from May to July 2018. We evaluated the DDI screening, workup, and care recommendations of board-certified family and internal medicine physicians as they cared for identical simulated patients known as Clinical Performance and Value (CPV ® ) vignettes.
Ethics
This study was conducted in accordance with ethical standards, approved by the Advarra Institutional Review Board, Columbia, MD, and listed in clinicaltrials.gov (NCT03581994). Informed consent was obtained from all participants.
Physician selection
We recruited participants from a nationally representative list of over 25,000 PCPs. The recruitment lists were compiled from relevant contact resources, including medical association workforce databases and list serves, hospital organization physician rosters, and national medical conference attendees. Between May and July 2018, we invited randomly selected physicians from the compiled list. Participants were screened for eligibility using a 20-question physician questionnaire. Physicians who met the eligibility criteria were invited to participate until the study sample size of 330 physicians was achieved.
Eligible participants had to: 1) be physicians either boardcertified in internal medicine or family medicine; 2) practice in a non-academic setting; 3) have between 2 and 30 years of post-residency practice, and 4) have an active panel of over 500 patients with an adult patient load of more than 50%. Sampling was stratified so that physician characteristics including regional geography, age, gender, and practice size were representative of the PCP population nationally (Supplementary Table 1 ) (www.jocmr.org).
Clinical Performance and Value vignettes
CPV simulated patients require physicians to care for patients as they would in their office setting [16] . The tool allows physicians to make inquiries of the patient, review histories, and order laboratory tests and procedures to recreate an actual patient visit. Open-ended queries in the CPVs are divided into five domains of care: 1) taking a history; 2) performing a physical; 3) ordering diagnostic workup; and 4) making a diagnosis with 5) treatment plan and follow-up. In each case there are between 49 and 72 evidence-based criteria evaluated. Scoring was done by two physicians, working independently, using explicit, pre-determined criteria with a third physician adjudicating in the case of a disagreement on any of the individual criteria. Each domain as well as the overall performance thus has a score of between 0% and 100%. Because all physicians are caring for the same patients, CPV vignettes adjust for case-mix variation and provide a clear measurement of clinical practice variation.
CPV patients
We created nine CPV cases to be cared for by participating physicians. All cases presented participants with one of three commonly prescribed medication classes (opioids, CNS depressants, or antibiotics) in addition to common substances (over the counter medications (OTCs), supplements, food, alcohol, or other prescription medications) that may cause one or more DDIs. The cases are summarized in Supplementary Table 2 (www.jocmr.org).
Analysis
The primary outcome was to evaluate current DDI assessment practices and to identify barriers and opportunities in preventing DDIs in the primary care setting. More specifically, we sought to: 1) determine the frequency in which PCPs were able to identify, diagnose, and treat DDIs in simulated CPV patients and 2) evaluate impact of provider characteristics (e.g., age, gender, practice setting) and clinical practice characteristics (e.g., asking about history of medications, ordering a presumptive or definitive drug test) on the likelihood of diagnosis and treatment of DDIs. Chi-squared tests and logistic regression modeling were used for analyses involving binary outcome variables (e.g., diagnosing a DDI), and t-tests and linear regression modeling were used for analysis of continuous outcomes (e.g., diagnosis-treatment score). All analyses were conducted in Stata 14.2.
Results

Physician-practice characteristics
A total of 330 board-certified physicians met the eligibility criteria and completed the physician questionnaire and patient cases (Table 1) . About 49.1% were board-certified in family medicine, 49.7% in internal medicine, and 1.2% in both. Males made up 76.7% of participants and females 23.3%. Among the participants, 6.4% were under 40 years old, 60.9% were be-
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J Clin Med Res. 2018;10(11):806-814 tween 40 and 55 years, and 32.7% were over 55 years. On average, these participants had 20.1 ± 6.9 years of practice experience and worked in a private, non-hospital-based practice (93.9%) in an urban/suburban location (87.6%). The average active patient panel size of participant physicians was just over 2,500 patients. Overall, participants estimated that in their patient panel 41.2% were on five or more medications, 55.4% consumed at least two alcoholic beverages per month, and 13.9% were on opioid analgesics. From the survey, we learned that nearly every physician participant (99%) felt they reconciled medications and regularly monitored their patients for potential DDIs. The most common methods were pharmacy medication reconciliation (PMR) reports (88.2%), EMR or other automated software alerts (74.6%) and patient self-reported histories (62.7%). Additionally, 79.1% of providers indicated that within the past 3 years they had received CME in pain management, and more than half (59.7%) reported that they had received a quality bonus in the past which included metrics for preventive measures (88.8%).
Variability of provider practice
Overall, the 330 physician participants cared for a total of 990 simulated patients with each individual participant taking care of three CPV patients. The cases were scored on the ability of the physicians to identify, workup, diagnose and treat these patients presenting with a medical complaint, and signs and symptoms of a potential DDI.
We observed a high degree of practice variation among the participants (Fig. 1) . The average overall quality of care score for all participants was 50.5% ± 12.0% out of a total potential score of 100%. Across care domains, the highest average score was achieved in physical examination (79.2% ± 24.8%) and the lowest in diagnosis-treatment (22.9% ± 16.9%) ( Table 2) .
In just over half the cases (55.1%), physicians correctly Table 1 . Baseline Provider Characteristics, Self-Reported -(continued) Figure 1 . Histogram of overall CPV scores.
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diagnosed their patients' primary medical problem, such as depression, palpitations or increased somnolence. However, they were only able to identify the underlying DDI causing the medical problem 15.3% of the time and the specific DDI even less often than that (0.9%). Also, while nearly nine out of 10 physicians self-reported regular use of PMR in their practice, PMR reports were ordered only in 5.6% of the cases to look for a DDI. Those few who did order a PMR were, however, 42% more likely to identify the DDI diagnosis (95% CI: -28% -182%).
Looking specifically at DDI evaluation and what was ordered to help determine patient diagnosis, physicians ordered a presumptive drug test (e.g. qualitative immunoassay and point of care testing) alone in 32.4% of cases; in 7.0% of cases physicians instead ordered a definitive drug test that used specific and sensitive analytical methods (e.g. liquid chromatography/ mass spectrometry) to confirm if a drug was present and, if so, at what concentrations. Additionally, physicians ordered both a presumptive drug test and then a definitive drug test 5.4% of the time. Those who ordered the presumptive drug test were marginally more likely (6%) to make the diagnosis of a DDI (95% CI: -28% -56%) compared to those that did not order either drug test. In contrast, those who ordered a definitive drug test were 53% more likely to make the DDI diagnosis (95% CI, -19% -189%). We observed a similar percentage increase for those who ordered both tests (57.5%; 95% CI: -22.2% -219.0%), although these increases failed to achieve significance.
There were other indicators that recognition of DDI was wanting. Physicians indicated they would coordinate medications with other clinical providers only 16.4% of the time and only 5.6% indicated they would counsel their patients directly on the risks and issues of DDIs. Those that identified and diagnosed the underlying DDI, however, offered DDI counselling 32.7% of the time, while those that missed the DDI diagnosis failed to do so at all (0.0%, P < 0.001).
Physician and patient characteristics, regression modeling
To determine opportunities to prevent DDIs and their adverse events, we performed linear and logistic regression analyses. The models assessed for associations between physician and patient characteristics to the overall score, diagnosis-treatment accuracy, and identification of a DDI or specification of DDIrelated treatments. Several physician characteristics predicted overall quality of care score. Women (P = 0.066) and physicians under the age of 55 (P = 0.001) scored 1.7% and 5.4%, respectively, higher than their counterparts. Physicians in the South or West scored 3.3% more than their counterparts in the Northeast and Midwest (P < 0.001). When we restricted the regression to only the diagnosis-treatment domain, which includes all care (both DDI related and not), these differences remained significant.
We found that caring for a patient on psychiatric medications (OR: 3.74, 95% CI: 2.56 -5.45) suggested more to physicians that they should look for a DDI. This was not the case for polypharmacy or high alcohol consuming patients who were not as likely to be diagnosed with a DDI (OR: 0.65, 95% CI: 0.43 -0.97) ( Table 3) . When physicians ordered a definitive drug test, this was linked to making a DDI diagnosis (OR: 1.62, 95% CI: 1.11 -2.36).
We investigated how providers did in the treatment of DDIs patients; they did poorly overall, providing only 15.5% ± 20.3% of DDI-related treatment and 21.5%± 26.2% of non-DDI-related treatment. Those who identified the DDI performed more than twice as much DDI-related treatment than those who did not (28.8% ± 24.0 vs. 13.2% ± 18.6%, P < 0.001), although their results were still low. Among specific DDI-related treatment items, in addition to being more likely to provide DDI counseling (as noted previously), those who identified and diagnosed the DDI identified the interacting drug or supplement (medication, antibiotic, supplement, etc.) at a significantly higher rate (45.3% vs. 15.0%, P < 0.001) compared to those who did not.
Notwithstanding the poor overall treatment for DDIs, 41.6% of physicians provided "some" DDI-related treatment; that is, they performed at least one DDI-related treatment item for their patients. In logistic regression, those who identified the DDI were significantly more likely to provide some form of DDI-related treatment (OR: 3.32, 95% CI: 2.21 -4.99) (Table 4). We broke the results out by those who recognized and diagnosed a DDI versus those who missed the diagnosis. Using a Chi-squared analysis, we found some DDI-related treatment was performed in 69.5% versus 36.6% of the patients, respectively (P < 0.001).
Doctors who were hospital-based were more likely to treat a DDI (OR: 2.59, 95% CI: 1.41 -4.76). They were also more likely to provide better treatment if they ordered a definitive drug test (OR: 1.51, 95% CI: 1.13 -2.02) or had a patient on a psychiatric medication (OR: 1.86, 95% CI: 1.36 -2.53), but patients having polypharmacy or alcohol consumption issues (OR: 0.25, 95% CI: 0.18 -0.34) were associated with less DDI-specific treatment.
Discussion
Despite the fact that drug-drug interactions are almost entirely avoidable there has been a dearth of investigations and few insights on how to improve patient care [17] . With an aging demographic, the widespread use of opiates and supplements, and the growth of polypharmacy, the problem of DDIs will only worsen in the coming decade. Despite these dangerous clinical consequences and enormous economic impact, it appears that physicians may not recognize and treat DDIs [18] . To better understand the clinical practice dimensions of the DDI problem, we conducted a large study among a nationally representative sample of 330 primary care practitioners caring for common types of patients with DDIs.
We found that physicians recognized DDIs in only 15.3% of 990 cases in this study. Our findings align with what others have found in the literature but suggest that the problem is far worse than these previous estimates [12, 18, 19] . Our more worrisome estimates may be more accurate because we used simulated patients wherein the patient's diagnosis is known, and we had complete data on every participant in the study: two problems that have plagued previous studies.
There is ample evidence that CPV simulations capture gaps in care quality and accurately detect practice variation broadly similar to the results that we found in this study [20] .
We identified several gaps in care, including a reliance on inappropriate presumptive drug testing for DDIs. Positive presumptive drug tests did not translate into significant increases in DDI-related diagnostic or therapeutic accuracy. Equally worrisome, even after physicians identified a potential DDI, they did not discuss the causes and effects of drug interactions with their patients. Other studies have similarly found that physicians educate their patients on drug-drug, drug-food, and adverse events less than 25% of the time [21] . Perhaps most significantly, while hospital-based providers, women, and younger physicians performed slightly better than the average primary care physician, these results show that the problem of recognizing and treating DDIs is ubiquitous. The widespread failure to recognize DDIs was mitigated in a limited number of ways. Those that ordered a PMR were 19% more likely than those that ordered a presumptive drug test to recognize a DDI. Routine presumptive testing, however, was of only marginal help in making the diagnosis or providing better treatment. Those that ordered a definitive drug test were 23% more likely to diagnose and provide appropriate DDI care compared to those that ordered a PMR. While it appears that the availability of definitive drug test results improved provider's ability to identify DDIs, it should be noted that the majority of drugs and substances that cause interactions are not part of routine definitive test offerings. Thus, reliance on a definitive drug test that captures relatively few substances capable of interacting with other prescribed medications would likely leave gaps in appropriate identification of DDIs.
It is worth noting that virtually every family practitioner and internist in this study felt that they reconciled medications and regularly monitored their patients for potential DDIs by using a combination of PMR reports, software alerts and taking a careful history. Moreover four out of five participants had done related CME in the past 3 years and more than half were incentivized on the quality of care they provided. Discrepancies between reported and actual testing, as well as between testing and correct DDI identification and care suggest much more must be done to incorporate more effective DDI recognition and prevention in routine care.
Increasing DDI awareness will not be easy. This study shows that the problem is widespread and occurs across a range of patients including those using opioids, other commonly prescribed medications and over the counter products. Gaps in DDI care also extend across the country and are found amongst both family practitioners and general internists. Educational outreach is one possible solution, although the fact that 79.1% of the participants in this study had recently undergone CME in pain management dampens enthusiasm. Software tools have been shown to help [22] as have team-based approaches involving pharmacists [23] . More of these solutions could be implemented. Other system-level interventions, such as mandating medication reconciliation and EMR interventions are another approach. This study also clearly shows that current diagnostic tests for DDIs are underwhelming and better technology and testing will be critical to recognizing and treating DDIs. In the future, reliance on simple presumptive drug testing will have to give way to more comprehensive, definitive drug testing for DDIs when interactions are potentially present.
Although efforts were made to match demographics of practicing PCPs in the US, we had a higher representation of men and middle age physicians in our final participant population. The participating physicians reported having somewhat fewer patients who consumed alcohol (55.8% vs. 73%) or were on opioid analgesics (13.9% vs. 38%) than what was expected in the general population, although the underreporting of opioid prescribing has been reported elsewhere [24] . We studied DDIs ranging from antibiotics to analgesics to CNS depressants with alcohol and opioids, but there is a legion of equally serious other DDIs, such as statin interactions, that exist and are likely even more underrecognized than the ones included Peabody et al J Clin Med Res. 2018;10(11):806-814 in this study. This study also only examined PCP identification of potential DDIs and did not delve into how specialists would respond to these same CPV cases, which could be explored with simulations. Other considerations, such as patients with renal impairment or even a genetic polymorphism affecting drug metabolism, would also be of interest and readily studied using CPVs. For now, these gaps are the subject of future studies that can flesh out the impact of other interactions, such as those proposed above, and determine other DDIs that should be pursued as investigators assess the scope and scale of this problem.
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